The effect of the solvent evaporation rate and solvent type on the crystal formation of poly(vinylidene fluoride) (PVDF) prepared by spin-coating was evaluated over time. In the much-solvent-remaining state, the crystalline phase of PVDF changed in the order of , , and  with the increasing dipole moment of the solvent. In the almost-all-solvent-evaporated state, the crystalline structure of PVDF/hexamethylphosphoramide with a higher dipole moment was dominantly dependent on the evaporation rate and varied in the order of ,  and  with the increasing solvent evaporation rate. However, PVDF/triethyl phosphate, having a lower dipole moment, always formed the  phase, regardless of the evaporation rate. The PVDF  phase in the concentrated solution state is difficult to transform into the  and  phases because the potential energy of each PVDF crystalline phase increases in the order of , , and . The PVDF crystalline phase in the spin-coating method is strongly affected by both the polymer-solvent electrostatic interactions and the evaporation conditions. From the results of the crystal transition behavior, it was experimentally supported that the potential energy of the PVDF crystalline structure increases in the order of , , and .
(TTTGTTTG'). 1, 2) The ferroelectric characteristics of PVDF are caused by the polarized structure between hydrogen (δ+) and fluorine (δ-), and the  phase possesses superior ferroelectric properties because of the well-oriented polarized structure of its all-trans planar zigzag conformation. The total potential energy of the intra-and intermolecular interactions of the PVDF  phase is higher than that of the PVDF  phase, and thus, the PVDF  phase is more stable than the PVDF  phase in terms of the potential energy.
The PVDF  phase is typically prepared by a poling process while stretching a PVDF  phase film.
3) The control of PVDF crystalline structures has attracted much attention. [4] [5] [6] [7] [8] [9] [10] [11] [12] Previously, it was reported that PVDF crystalline structures were prepared separately by the solvent-casting method with different solvents. 13) Hexamethylphosphoramide 4 (HMPA), acetone, and dimethylacetamide (DMAc) were utilized in solvent-casting to prepare PVDF  , and  phase crystalline structures, respectively. We focused on the differences in solvent boiling points and considered the relationship between the PVDF crystalline structure and solvent evaporation rate. Generally, the PVDF  phase is more kinetically stable than the  and  phases, while the  phase is more thermodynamically stable than the other phases.
1) The balance of the kinetic and thermodynamic stability to form PVDF crystalline phases can evolve with the variation of preparation conditions.
Then, the evaporation rate in PVDF solutions prepared utilizing HMPA, DMAc and acetone as solvents was altered by controlling the evaporation conditions and quantified by measuring the sample weight alteration with the solvent evaporation time. 14) As a result, the crystalline structures of the PVDF , , and  phases were formed with evaporation rates of less than 0.0001 g/min, more than 0.2 g/min, and between 0.03 and 0.00058 g/min, respectively.
In the present study, we investigated the effect of the solvent properties on the PVDF crystal formation in the spin-coating process. The electrostatic interaction between the PVDF and the solvents is also important to the formation of the PVDF polymorphs. The relationship between the solvent properties and solvent evaporation conditions via the PVDF crystalline structure was considered. The PVDF crystalline structure varied with 5 time during the evaporation process and was gradually evaluated for the consideration of the effect of the evaporation rate and solvent properties on the crystal nucleation and growth.
Experimental procedure

Materials and reagents
The PVDF was obtained from Kureha Co. (Tokyo, Japan), KF polymer #1100 (Mw:
280,000, homopolymer), and dried at 100 °C for 1 day before use. HMPA, DMAc, N-methyl pyrrolidone (NMP) and triethyl phosphate (TEP) were used as PVDF solvents without further purification.
Preparation of the PVDF film by spin-coating
PVDF was dissolved in HMPA, NMP, DMAc, and TEP at a concentration of 20 wt%.
The dissolution of each sample was performed at 25-200 °C for 1 day (HMPA, NMP, DMAc: 25 °C, TEP: 200 °C). These solutions were coated onto a Si wafer at 500 r.p.m. The crystalline structures of the PVDF films were evaluated by FT-IR (Shimadzu Co., IR Prestige-21) and XRD (Rigaku Co., Mini Flex II). The crystalline structure was identified by referring to the standard samples of each crystalline structure. The preparation of the standard samples has been described in a previous study in detail 13) .
XRD measurements were performed using Cu-Kα rays (wavelength 1.541841 Å, X-ray tube voltage of 30 kV and direct current of 15 mA), and the scanning rate was 2°/min (θ-2θ). The infrared absorption bands and X-ray diffraction angles of the PVDF , , and  phases are summarized in table 1 13) . To consider the PVDF crystalline phase formation during the drying process after spin-coating, the correlation between the PVDF crystalline structure and the residual amounts of solvents was evaluated. The XRD patterns and FT-IR spectra of PVDF/HMPA, NMP, DMAc and TEP solution systems with various drying times and temperatures were measured. The PVDF/acetone solution system did not consider the evaporation conditions because PVDF only swells or partially dissolves in acetone near the boiling point. Figure 1 shows the XRD patterns and FT-IR spectra of the PVDF 8 spin-coated Si-substrate using HMPA as a solvent, respectively. The drying conditions were 100 °C for 30, 54, 59 and 1200 min, and the residual amounts of HMPA were 63, 44, 34 and 1%. The PVDF sample at 63% of the HMPA showed only the peak from the solvent in Figure 1a ), and the peaks from the PVDF  and  phases were slightly observed at approximately 840 cm -1 in Figure 1c ). At 44% of the HMPA, the specific peak of the PVDF  phase was confirmed at 20.7° and the peaks from the PVDF  and  phases were confirmed at 840 cm -1 . By contrast, the PVDF samples at 34% and 1% of the solvent showed the specific peaks of the  phase at 20.3° and 1234 cm -1 . The PVDF crystalline structure changed with the amount of residual solvent, and the PVDF sample using HMPA as a solvent formed the  phase at the initial stage of the drying process.
The drying conditions were 160 °C for 2, 3, 6 and 22 min, and the residual amounts of HMPA were 71, 61, 34 and 0%, respectively.
The XRD patterns and FT-IR spectra were similarly measured, as shown in Figures 1b) and 1d). The crystalline structures of the PVDF sample with residual amounts of HMPA of 71, 61 and 34% were almost the same as those obtained at a 100 °C drying temperature. By contrast, the PVDF sample at 0% residual HMPA showed the specific peaks of the  phase at 17.8, 18.7, 19.8 and 26.5° in the XRD pattern and 766, 795, 974, and 1210 cm -1 in the FT-IR spectrum. The PVDF sample using HMPA as a solvent at a 9 160 °C drying temperature also formed the  phase at the initial stage of the drying process, and the PVDF crystalline structure changed in the order of amorphous, ,  and  phases with the decreasing residual amount of HMPA at 71, 61, 34 and 0%.
From the above results, PVDF samples prepared by the spin-coating method using HMPA as a solvent formed a  phase crystalline structure at the initial stage of the drying process, i.e., much HMPA remained in the PVDF film, regardless of the drying temperature, and the crystalline structure of PVDF using HMPA at the final stage, i.e., when the HMPA was completely evaporated from the film, the structure was dependently changed in the order of the , , and  phases by altering the evaporation rate. It was anticipated that the alteration of the PVDF crystalline structure in the order of the , , and  phases while evaporating the HMPA at 160 °C is due to the reduction of the electrostatic interactions between the PVDF and HMPA. The electrostatic interaction compensates for the intramolecular repulsion of the all-trans conformational structure in the  phase, thus, the kinetically metastable  phase was formed in the much-HMPA-remaining state. The crystalline transition from the  to  phases occurred with decreasing amounts of HMPA. Finally, a kinetically stable  phase was formed in the almost-all-HMPA-evaporated state at 160 °C. The above results at the initial and final stages of the drying process are summarized in Table 2 . Then, focusing on the results of the initial stage, the PVDF crystalline phase changed with the solvent even if the evaporation rate was almost the same, e.g., HMPA, 100 °C, 30 mg/min versus DMAc, 40 °C, 28 mg/min. At the initial stage of the drying process on spin-coating, no correlation between the crystalline structure and evaporation rate was identified. We thus expected that the difference in the electrostatic interactions between the PVDF chain and the solvents would induce a crystalline phase transition in the initial stage of the drying process, and we focused on the relationship between the crystalline phase at the initial stage and the dipole moment of the solvents. 18 The dipole moments of HMPA, NMP, DMAc and TEP are 4.31 15) , 4.06 16) , 3.72 17) , and 3.07 D 18) , respectively, as shown in the rightmost column of Table 2 . The crystalline structures of the PVDF samples at the initial stage of the drying process changed in the order of the , , and  phases with the increasing dipole moment of the solvents. When HMPA having a higher dipole moment was used as a solvent for the PVDF, the crystalline structure of the PVDF sample at the initial stage of the drying process was the  phase. When TEP, having a lower dipole moment, was used as a solvent for PVDF, the crystalline structure of the PVDF sample at the initial stage of the drying process was the  phase. When NMP and DMAc, having dipole moments between those of HMPA and TEP, were used as solvents for PVDF, the crystalline structure of the PVDF sample at the initial stage of the drying process was a -dominated mixture of phases.
These results suggest that the electrostatic interaction between the PVDF and the solvents dramatically affected the crystalline structure of the PVDF samples at the initial stage of the drying process. PVDF has a permanent dipole moment of 2.1 Debye per monomer unit in the  phase and 1.3 Debye in the  phase 19) . When PVDF is solvated by a solvent having a high dipole moment, it interacts with the solvent, and the higher electrostatic interaction would induce locally extended chain coil formation.
Therefore, PVDF in a solvent having a higher dipole moment easily formed the 19 all-trans conformation, i.e., the  phase. When PVDF is solvated by a solvent having a low dipole moment, the solvent has little interaction with the PVDF, and the PVDF chain would form unexpanded or shrunken globules. Thus, the PVDF in a solvent having a lower dipole moment easily formed the twist conformation, i.e., the  phase.
Next, focusing on the final stage of the drying process, the PVDF crystalline phase was dominantly dependent on the evaporation rate. The crystalline structure of the PVDF film varied in the order of , , and  with the decreasing solvent evaporation rate. The results assumed that the interaction between the PVDF chain and the solvents was reduced by an increase in the chain mobility due to the higher drying temperature.
It has been reported that the PVDF crystalline phases or mixture contents in the ,  and  phases vary at different isothermal crystallization temperatures 20) .The crystalline phase transition in the order of the ,  and  phases is correlated with the potential energy of each PVDF crystalline phase. The potential energy of the  phase is higher than that of the  and  phases, and thus the  phase is metastable and can easily transform to the  and  phases. In contrast, the PVDF crystalline phase in the case of TEP did not depend on the drying temperature because TEP has little interaction with the PVDF polar structure. The PVDF sample using TEP as a solvent formed the  phase in mild conditions of the drying process. The PVDF  phase is stable in terms of 20 potential energy, and it would be difficult to transform into the  and  phases.
From the results of the initial and final stages, the  phase was consistently formed at the intermediate condition of the  and  phases. Consequently, it was anticipated that the potential energy of the  phase would be between those of the  and  phases, and the potential energy of the PVDF crystalline structure was higher in the order of the ,  and  phases. . The simulation is in good agreement with the crystalline transition behavior 21 as described above. The results of the crystalline transition behavior experimentally supported the hypothesis that the potential energy of the PVDF crystalline structure is higher in the order of , , and . Figure 5 . Correlation between polymer-solvent interactions and evaporation rate against PVDF crystalline structure.
Conclusions
In the initial stage of the evaporation process after spin-coating, i.e., the much-solvent-remaining state, the crystalline structure of PVDF was correlated with the At the first and final stages of the evaporation process, the formation of the PVDF crystalline phases in the solvent evaporation method, especially the formation of the  phase, strongly affects both the polymer-solvent interaction and the evaporation rate. Table 1 . FT-IR bands and X-ray diffraction angles of PVDF ,  and  crystalline phases. Table 2 . PVDF crystalline structures at the first and final stages of the evaporation process.
